A computational fluid dynamic framework for modeling and simulation of proton exchange membrane fuel cell by Hamid, Kazemi Esfeh

A COMPUTATIONAL FLUID DYNAMIC FRAMEWORK FOR MODELING
AND SIMULATION OF PROTON EXCHANGE MEMBRANE FUEL CELL
HAMID KAZEMI ESFEH
A thesis submitted in fulfilment of the
requirements for the award of the degree of
Doctor of Philosophy (Chemical Engineering)
Faculty of Chemical Engineering
Universiti Teknologi Malaysia
MAY 2015
iii
DEDICATION
To my beloved parents
iv
ACKNOWLEDGEMENT
I would like to gratefully and sincerely appreciate my supervisor Dr. Mohd.
Kamaruddin Abd. Hamid on her support, understanding, and motivation during my
PhD study. Her guidance helped me in all the time of the research and writing of this
thesis.
vABSTRACT
This thesis describes the development and application of a framework for model
and analysis of proton exchange membrane fuel cells (PEMFCs) using computational
fluid dynamics (CFD). The developed framework addresses the formulation, solution,
and analysis of the PEMFCs systems in a systematic manner. This PEMFCs modelling
framework helps to generate problem-system specific models describing a step by step
proton exchange membrane (PEM) fuel cell model. Accordingly, the problem-system
specific model generation procedure consists of three main steps. In the first step the
problems and scope of the study are defined. The PEM fuel cell modelling procedure is
done in the next step 2. This second step contains three sub-sections which are geometry
definition, model definition and numerical solution and validation. In the step 3, the
developed model is validated using available experiment/industrial data. A general,
three-dimensional, non-isothermal, multi-phase numerical model has been developed to
simulate and examine the fluid flow, heat and mass transfer, species transport,
electrochemical reaction, and current density distribution of a PEMFC. The validation
results of the PEM fuel cell model developed by using this framework has been
successfully done. In addition, applications of the validated model with respect to
advanced grid analysis, anisotropic properties investigation, and PEMFCs
electrochemistry parameter have been successfully implemented. With respect to grid
analysis, the results have shown that grid independence analysis using polarization curve
is not accurate, where the concentration of fuel cell reactants and product showed more
sensitivity for checking the grid independency. In terms of anisotropic properties
investigation, the results have shown that increasing the value of anisotropy in thermal
conductivity mitigates the gradient of liquid water between the area underneath the ribs
and channels in PEMFCs. With respect to PEMFCs electrochemistry parameter, it has
been shown that the new derived of the Kazemi-Jahandideh (K-J) approximation is able
to reduce the numerical calculation to find electrochemistry parameters with a higher
accuracy.
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ABSTRAK
Tesis ini menerangkan pembangunan dan aplikasi rangka kerja untuk model dan
analisa sel bahan api membran pertukaran proton (PEMFCs) menggunakan dinamik
bendalir berkomputer (CFD). Rangka kerja ini telah dibangunkan untuk menangani
masalah formula, penyelesaian, dan analisa sistem PEMFCs secara sistematik. Rangka
kerja model PEMFCs dapat menghasilkan model khusus terhadap masalah-masalah
sistem yang wujud dengan menerangkan secara terperinci bagi model sel bahan api
membran pertukaran proton (PEM). Masalah-sistem terhadap prosedur penghasilan
model adalah terdiri daripada tiga langkah utama. Dalam langkah pertama, masalah dan
skop kajian ini telah ditakrifkan. Prosedur model bagi sel bahan api PEM telah
dijalankan pada langkah kedua. Prosedur ini mengandungi tiga sub-bahagian iaitu
definisi geometri, definisi model dan penyelesaian berangka dan pengesahan. Dalam
langkah ketiga, model yang dibangunkan telah disahkan berdasarkan data eksperimen/
industri. Model simulasi yang umum, tiga dimensi, bukan isoterma dan mempunyai
pelbagai fasa model berangka telah dibina untuk memeriksa aliran cecair, pemindahan
haba dan jisim, pengangkutan spesies, tindakbalas elektrokimia, dan kepadatan taburan
bagi PEMFC. Pengesahan rangka kerja  terhadap model sel bahan api PEM telah berjaya
dibangunkan. Selain itu, model aplikasi analisis grid, penyelidikan sifat anisotropik, dan
parameter elektrokimia PEMFCs telah berjaya dilaksanakan. Berkenaan dengan analisis
grid, keputusan telah menunjukkan bahawa analisis kebebasan grid menggunakan keluk
polarisasi adalah tidak tepat, di mana kepekatan bahan tindak balas sel bahan api dan
produk menunjukkan kesan sensitiviti terhadap kebebasan grid. Dari segi penyeldikan
sifat anistropik, keputusan kajian telah menunjukkan bahawa peningkatan nilai
anisotropik dalam konduksi terma dapat mengurangkan kecerunan cecair di antara
kawasan tulang rusuk dan saluran dalam PEMFCs. Berkenaan PEMFCs parameter
elektrokimia PEMFC, ia juga telah menunjukkan bahawa anggaran baru Kazemi-
Jahandideh (K-J) dapat mengurangkan pengiraan berangka untuk mencari parameter
elektrokimia dengan ketepatan yang lebih tinggi.
